Fullerene electron acceptors have been present in all efficiency record breaking organic solar cells since their initial development. 1 It was recognized by many that having electron acceptors with different chemistry could bring many benefits in terms of light harvesting efficiency, manufacturing cost and, ultimately, commercial viability of the technology. [2] [3] [4] [5] [6] A review of the field in 2011 7 reported only 4 non-fullerene acceptors used in cells with power conversion efficiency (PCE) between 3% and 4% and none with PCE above 4. Today there are close to one hundred different acceptors with efficiency between 3% and 12% and the field is one of the most active in the area of organic solar cells because of the very promising rate of progress.
A number of more recent reviews attempt a classification of the chemistry of the main acceptors 2, 3 and explain the pace of improvement in terms of our greater understanding of the process of cell optimization including optical modelling, use of additives to improve the morphology and energy level matching with an always increasing library of electron donors. However, it is also clear that the best performing acceptors belong to different chemical class and the strategies pursued to improve them are different. For example a promising family of acceptors based on the perylene diimide (PDI) dye was built on the observation that the isolated PDI molecule forms too large aggregates, a process that can be avoided by substitution with branched side chains or synthesis of non-planar dimers or oligomers. [8] [9] [10] A rather different group of acceptors is based on linear oligomers, synthesized with techniques developed in the area of polymeric semiconductors and often using similar building blocks as benzothiadiazole (BTD), 11 diketopyrrolopyrrole (DPP) 12 , indacenodithiophene (IDT) 13 or indacenodithienothiophene (IC). 14 For other type of acceptors (subphthalocyanine (SubPc), 15 tetraazabenzodifluoranthene diimide (BFI) 16 ) there are for the moment fewer instances, but equally very promising.
Given the large number of high efficiency (molecular) acceptors now known and the substantial chemical difference among them, it is possibly appropriate at this point in time to analyse the electronic structure properties of the high performing acceptors in search of some common features. The analysis of large databases in search of structure-property relations is very common in the pharmaceutical sciences 17 and is gradually emerging as a useful tool also in the area of organic and hybrid electronics. [18] [19] [20] In a recent survey of organic dyes used in dye sensitized solar cells it emerged that, contrary to expectation, the donor-pi-acceptor character of the dye is not correlated with the solar cell efficiency. 21 On the other hand, the expected correlation was found with the reorganization energy and the oxidation free energy. 22 In this work we will build an unbiased large set of electron acceptors reported in literature and, after evaluating their electronic structure and geometry with computational methods, we test few hypotheses on the relation between electronic structure and efficiency in a solar cell. The database is made available in the supporting information to test further hypotheses and/or update it with new compounds.
The selection of the compounds to be included in such a database should be based on a systematic and reproducible procedure to avoid any possible bias. However, one should recognize that very poorly performing solar cells are not reported in literature and those that are deemed to be not very promising are not fully optimized. We therefore construct a database trying to capture as many acceptors as possible displaying (average) PCE above 3%. We proceeded as follows:
(a) We performed various searches using the Web of Science Database in the 2010-2016 time window, using keywords such as "high-efficiency semiconductor", "efficient nonfullerene acceptor", and related keywords. The searches returned a total of 379 articles, of which 26 reporting acceptors with PCE ≥ 3%. (b) 15 of the 26 articles selected above reported PCE ≥ 5%. All papers citing these 15 articles have been included in the database, bringing the total number of article evaluated to 456.
(c) In the total database of 456 articles, we identified 39 papers reporting acceptors with PCE ≥ 3%, for a total of 80 distinct acceptors. In case of review papers reporting the maximum PCE, we checked the original paper cited and used the average PCE value from that source. Table 1 reports the list of considered acceptors in the form of a literature reference and the label used in the original paper. We have used the average PCE when average and maximum were given, and the largest average if a compound was used in different studies or with different devices. The donor used in the best preforming cell is also reported. In the table we have also introduced a rough classification of the acceptors to help the discussion of the results. We have considered the group of acceptors containing PDI and, within this group, noted if PDI appears are monomer (PDI(1)), dimer PDI(2), trimer or larger (PDI(3+)). We have then considered the molecules formed by linearly coupled oligomers in a pattern ABA and labelled them as L(IDT), L(BDT), L(DPP) or L(oth) if they contained the IDT, BDT, DPP or none of these fragments respectively (the acceptors with highest PCE belong to this class and contain indacenodithienothiophene monomer). We have also labelled the subphthalocyanines (SubPc) and the acceptors containing the DBFI fragment.
Standard density functional theory optimization in the gas phase has been performed for all acceptors at the 6-31G*/B3LYP level and the electronic and geometric properties have been evaluated on the optimized geometries. 23 To make the calculation feasible and since the focus is on the conjugated core of the molecules rather than the side chains added to improve the solubility, we removed long alkylic chains according to the following criteria: (i) linear alkyl chains with more than two carbons or branched chains where the branching is not on the first carbon atom are replaced by an ethyl group; (ii) side chains with branching on the first carbon atom are replaced by an isopropyl group; (iii) alkoxylic side chains are replaced by the methoxy group; (iv) side chains containing the ether group are treated as other alkyl chains.
All acceptors in the database have been used in conjunction with suitable donor materials in organic solar cells, i.e. a good alignment is a prerequisite for all good acceptors but clearly not what makes a material particularly good. A critical property is the ability of the acceptor to form phase separated morphologies with the donor, ideally of the same characteristic size of the exciton diffusion length. This property is clearly not easy to derive from the geometric and electronic structure of the isolated acceptor and it is also fairly difficult to design from chemical intuition (besides the usual means proposed to modify the solubility in different solvent by changing the side groups). However, many authors have proposed that non-planarity of the molecule is beneficial because it promotes amorphous phases, prevents strong aggregation and facilitates charge transport in three dimensions. 24 Such property can be easily monitored across the database and it is relatively easy to incorporate in the design of new molecular electron acceptors. Another proposal is that the ideal acceptor has a low lying LUMO+1 level, which accelerates the charge separation at the interface (see energy level diagram in Figure 1 ). This proposal, originally based on a very simple dimer model, 25 was generalized for more realistic interfaces and more advanced physical models. 26, 27 Also this property is simple to assess from the electronic properties of the isolated donor and it can be easily built in the acceptor by design. It can be noted that fullerene derivatives, non-planar and with quasi degenerate low-lying virtual orbitals, satisfy both criteria -as it should be.
In the Table and the related Figure 2 , we report the energy difference between LUMO+1 and LUMO orbitals computed for the neutral molecule. As a measure of the planarity of the conjugated core we report the root mean square distance of the sp 2 carbon atoms from the best plane passing across them, RMSD p . For a planar molecule the plane is the one perpendicular to the principal axis of inertia with the largest angular moment of inertia. The same plane defines the "best" fitting plane across a number of points, i.e. that one minimizing the sum of the squared distance between the plane and all points. Alternative measures of non-planarity do not change the results and are not reported. Figure 2a illustrates the correlation between the energy difference between LUMO+1 and LUMO (referred to as LUMO) and the PCE reported for the selected electron acceptors. The main striking feature is that all the 22 acceptors with PCE larger than 6% have LUMO smaller than 0.5 eV and for 21 of them LUMO is smaller than 0.3 eV. First of all, one should note that this is not typical of molecular semiconductors, for example all the 5 acceptors considered in a similar analysis 25 (and based on pre-2012 papers) have all LUMO larger than 0.9 eV. A second important point is that all the efficient molecular semiconductors belong to different chemical classes and they have low LUMO for different reasons. Some of them are weakly interacting dimers or trimers of PDI and they are obviously expected to have low LUMO as suggested for example in ref. 25 . Many of them are more difficult to consider as weakly interacting dimers but, being formed by an ABA sequence of monomers, they may have some built-in tendency to have LUMO and LUMO+1 of similar energies. For others (e.g. the DBFI molecule) the small LUMO could not be easily predicted without an electronic structure calculation. Overall the data seems to suggest that a low LUMO is a necessary condition for high performing electron acceptors (while clearly not a sufficient one). One may also argue, but the data are possibly not dense enough, that a small LUMO in the 0.2-0.3 eV range is preferable to a vanishing LUMO.
The analysis of the non-planarity gives less clear-cut indications. From the data in Figure 2b it seems that both planar and non-planar molecules are equally likely to give high performing materials, or, more precisely, about half of the molecules with PCE larger than 5% show a deviation from planarity of more than 1 Å. The data may suggest that there is no special electronic advantage in having nonplanar molecules but a degree of non-planarity could have a beneficial effect on the morphology of the blend. Such property is however a solid state property of the mixture rather than a true molecular property.
There is a well-known risk that one can find misleading correlations between physical quantities, which are not particularly helpful in informing the synthesis and the physical understanding. A small LUMO, proposed here to be necessary condition for high performance electron acceptors, could be in principle associated simply with larger molecules, which in turn could be better because of greater delocalization and smaller reorganization energy. In Figure 3 we show that there is no correlation in the data set between size of the molecule and PCE, i.e. it is not the molecular size but the actual position of the LUMO+1 energy level that makes an acceptor potentially better.
It is to some extent surprising that correlations could be found between an isolated acceptor property and device efficiency, while it is very well established that the morphology of the blend and the correct alignment of the donor and acceptor energy levels are expected to be more important. [28] [29] [30] [31] It should be stressed that these remain the most critical parameters for the efficiency of the cell if one considers a random sample of devices. In order for a property of the isolated electron acceptor to emerge so clearly from the data set one must assume that the efficiency for each acceptor has been at least partially optimized with respect to the rest of the parameter space. In practice, all the reported data points correspond to the best average efficiency of a single acceptor after testing it with a number of alternative donors and experimental conditions. In many cases the other donors are reported in the published works, but it is to be expected that very poor devices (because of poor energy alignment or poor morphology) were not reported. The only reason for being able to focus on an acceptor-only property is because we have selected data points that have been (to some extent) optimized for other relevant properties.
Similarly, the key elementary processes in organic solar cells (charge generation at the interface, charge diffusion away from the interface, geminate and non-geminate recombination) are properties of the donor-acceptor interface, not the acceptor alone. Recent works highlight the difficulty in modelling the interface geometrical and electronic structure, [32] [33] [34] [35] its electrostatics 36 and the quantum dynamics of the elementary processes. [37] [38] [39] [40] [41] A large collection of electronic structure calculations like the one presented here cannot replace a detailed physical modelling of the interfacial processes but can nevertheless provide useful insights. For example, our data suggest that the modelling of charge generation at the interface with fullerene derivatives or these high efficiency acceptors should include a number of virtual orbitals per molecule, and not just the LUMO.
This work demonstrates once more that a productive approach in material science development is to combine bottom-up approaches, where physical principles are used to suggest mechanisms and design, and top-down approaches, where a large set of experimental data set is used to test hypotheses on structure property relations. We have now a strong indication from the combination of both approaches that high efficiency electron acceptors should have low energy LUMO+1 orbitals, a property easy to build in new efficient acceptors or to test on hypothetical compounds before they are synthesised.
Supporting Information. The Cartesian coordinates of all acceptors considered are provided in a format suitable for alternative analyses. 
